Decomposing the bid-ask spread of stock options: A trade and risk indicator model
The historical development of equity bid-ask spread models stems from simple constructs. The theoretical framework first proposed by Demsetz (1968) explains why the bidask spread should be positive and also identifies three components -adverse information, inventory holding, and order processing. 1 These three components have also featured in subsequent empirical literature where several forms of statistical models have been constructed to estimate the components.
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Option bid-ask spread decomposition models also recognize that the same three components are important to option market makers. The presence of information trading in the options market is well supported by the information asymmetry literature. Black (1975) documents that informed traders are attracted to the options market due to higher leverage. Easley et al. (1998) find that information-based option trading volume explains future stock price direction, and faster information flows from the options to the equity market. The presence of inventory holding costs in the options market is documented by Ho and Macris (1984) . They report that option dealers adjust their quotes in response to inventory positions.
1 For a comprehensive review of the theoretical literature in bid-ask spread components, see O'Hara (1995) .
2 Huang and Stoll (1997) group the various statistical models into three categories -the covariance models represented by Roll (1984) , Choi et al. (1988) , Stoll (1989), and George et al. (1991) , that use transaction prices to estimate the effective bid-ask spread; the vector autoregressive models represented by Hasbrouck (1988 Hasbrouck ( , 1991 that examine the impact of inventory holding and adverse information costs on the relation between trade and quote revisions; and the trade-indicator models represented by Glosten and Harris (1988) , and Madhavan et al. (1997) , that use the direction of trade flows to estimate the bid-ask spread components. Subsequent to Huang and Stoll (1997) , Bollen et al. (2004) present another class of statistical model to decompose the bid-ask spread into components by treating the inventory and adverse information components as an option with a stochastic time to expiration.
Our paper contributes to the literature by developing a trade and risk indicator model (TRIN) that permits a 3-way decomposition of the option bid-ask spread. Typical of any trade indicator model, we use trade flows observed in the options market to infer the bid-ask spread components. We explicitly integrate multiple options series written on the same stock to infer private information. In particular, rather than setting a target level of inventory which is typical of equity bid-ask spread decomposition, we take into account the derived nature of an option and use a new risk-equilibrating approach to describe how option market makers place their quotes in option series strategically to influence the direction of incoming orders so as to steer their portfolio towards a position that is delta neutral, has minimal sensitivity to stock volatility, and has its delta minimally affected by a change in the value of the stock. This new approach constructs three risk indicators to infer the inventory holding costs associated with managing the portfolio exposure to delta, vega and gamma risks. Delta and vega measure the price sensitivity of an option to a change in the value and volatility of the underlying stock, respectively. Gamma measures the delta sensitivity of an option to a change in the value of the underlying stock.
During the course of trading, it is inevitable that the delta of the market maker's portfolio will deviate from the target neutral position, causing the value of the market maker's portfolio to fluctuate with subsequent stock price movements. We call this uncertainty delta risk and the cost to cover the exposure the inventory holding cost associated with delta risk management.
Similarly, the value of the market maker's portfolio acquired from the course of trading will be affected by the stochastic nature of stock volatility. We label this uncertainty vega risk and the cost to cover the exposure the inventory holding cost associated with vega risk management.
Finally, gamma risk and the associated inventory holding cost are related to the variations in portfolio delta during the course of trading, i.e., the extent of delta risk exposure. Thus the inventory component of the option bid-ask spread is attributed to three separate sources to account for the multiple risks faced by the market makers.
III describes the Australian market microstructure and sample data and Section IV reports the empirical results of the TRIN model. Finally, Section V summarizes the results and conclusions.
I. Literature Review
Jameson and Wilhelm (1992) point out that market makers in the CBOE face unique inventory risks that relate to the stochastic volatility of the underlying stock and failure to continuously maintain delta neutrality. They adopt the inventory model specification of Ho and Stoll (1983) and find that vega and gamma risks are not fully diversifiable but account for 4.5% and 8% of the option bid-ask spread, respectively. Kaul et al. (2001) employ a cross-sectional model to explain the bid-ask spread of CBOE options using constructed variables that proxy the costs of adverse information, inventory holding, order processing, and model misspecification. Their results imply a large proportion of the bid-ask spread is attributable to inventory with 50% attributable to setting up a delta neutral position and 6.93% associated with discrete rebalancing;
and the adverse information component accounts for 8.95% of the option spread. While Kaul et al. (2001) use the trade flows observed in the stock market to compute three alternative adverse information proxies proposed by George et al. (1991) , Neal and Wheatley (1998), and Lin et al (1995) , Vijh (1990) , and Lee and Cheong (2001) , on the other hand, use the trade flows observed in the options market to estimate the adverse information component in the bid-ask spread of options listed on the CBOE. Using a more comprehensive data set, Lee and Cheong (2001) report a much larger and economically significant adverse information component of 19.8% of the option spread, compared to a mere 1% in Vijh (1990) .
In the next section, we develop the indicator model. When compared to the regression approach in Jameson and Wilhelm (1992) , Lee and Cheong (2001) , and Kaul et al. (2001) where the bid-ask spread is regressed on factors that proxy the bid-ask spread components, the indicator model has the advantage of showing explicitly the price setting process, i.e., how the costs of market making, being embedded in and recovered from the bid-ask spread, affect the revision in quotes provided by the market makers. When compared to the regression approach in Vijh (1990) where the unexpected change in option prices is regressed on factors that proxy the adverse information component, the indicator model has the advantage of decomposing the bidask spread into three theoretical components.
II. Developing the trade and risk indicator model
The trade and risk indicator model for stock options presented in Equation 1 below is based on the information-based model of Huang and Stoll (1997) . The unexpected change in the fundamental value of an option o, is defined as: 
where o t V is the prevailing fundamental value of the option when a trade in the option is recorded at time t, 1 − t δ is the option delta at time t-1, when the previous trade in the same option is observed,
is the concurrent fundamental value of the stock at time t,
is the aggregate option trade indicator used to reflect the information content of not just the previous option trade observed at t-1, but also the trades in other options written on the same underlying stock observed at and after t-1, but before t. If the option under study is a call,
Q is assigned a value of +1, 0, or -1 if during the period the total volume of positive option trades is larger than, equal to, or less than that of negative option trades, respectively 6 . Alternatively, if the option under study is a put,
assigned a value of -1, 0, or +1 if the total volume of positive option trades is larger than, equal to, or less than that of negative option trades. -initiated (buyer-initiated) trades in puts are classified as positive (negative) option trades that are associated with good (bad) news about the underlying stock.
7 Vijh (1990) also uses information inferred from the trade flows of multiple option series to explain unexpected option price movements. Whereas Vijh (1990) constructs two unconstrained variables, the difference in the number and volume between positive and negative option trades, to proxy private information on the underlying stock, we construct the aggregated trade indicator variable which can only take on a value of -1, 0, or +1. market and option market makers will include an additional adverse information component in the bid-ask spread to recover losses from trades initiated by informed traders.
Next we propose a risk-equilibrating approach to the management of multiple inventory risks of an option portfolio via the placement of quotes in individual option series to entice market orders that help restore the preferred position delta, vega and gamma of the portfolio.
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Option market makers face a variety of inventory risks when accommodating trades in call and put options. It is therefore important for option market makers to take into account all of the risks that affect the value of the market maker's portfolio, and not focus entirely on inventory levels. Figlewski (1989) conjectures that option market makers hedge inventory risk exposure by using other options in the series written on the same stock. Cox and Rubinstein (1985) refer to the importance of the market maker's delta-neutral position. These market makers often take large positions relative to their capital and prefer small gamma positions (low delta exposure).
Similarly, we believe that option market makers prefer small vega positions to reduce the impact of unexpected changes in the stock volatility on option portfolio values. Thus rational option market makers will manage a portfolio of options written on the same stock and prefer to start each day with a delta neutral portfolio with minimal gamma and vega levels.
9 Our riskequilibrating inventory management approach suggests that as soon as the course of trading causes the portfolio's risk characteristics to deviate from desired levels, the option market maker will adjust the quote midpoint of an option relative to the fundamental value as follows:
8 The risk-equilibrating approach that targets the inventory risk characteristics of an option portfolio is an innovation to the empirical literature in option bid-ask spread decomposition. In both Jameson and Wilhelm (1992) and Kaul et al. (2001) , they infer the inventory component by regressing the bid-ask spread of an option on a number of variables that measure the inventory risks of the same option. 9 We are not considering the risk exposure to a change in interest rate (rho) nor time (theta) since the risk-free rate is relatively stable at intra-day intervals, and as Hull (2000) [ ] initiated trades in puts. Alternatively, the option market maker may buy (sell) stocks to achieve the desired delta neutral position.
Similarly, if * Υ ' t and * Γ ' t are less (greater) than zero, the position vega and gamma of the option portfolio held by the option market maker at t′ is lower (higher) than the desired level.
Vega and gamma are positive for both calls and puts, thus, to restore these portfolio risk characteristics, the option market maker is expected to raise (lower) the next quote midpoints of 10 In reality, trades are not executed entirely by a single market maker. There are multiple market makers who compete not just among themselves, but also with floor brokers and the limit order book for trades. It would be ideal if we have access to the trading book of individual market makers. We assume that the market makers face similar inventory risks and the composition of trade flows faced by an individual market maker is representative of that of the market on the premise that interdealer trades can limit the differences among the bid and ask quotes of individual market makers (see Ho and Stoll (1983) ). Jameson and Wilhelm (1992) also point out that the common practice of order-sharing by market makers can distribute inventory across market makers and limit the divergence among individual bid and ask quotes.
all the call and put options at time t above (below) their fundamental values to encourage seller (buyer) initiated trades in the call and/or put options.
In line with the existing inventory models, equation (2) describes the strategic placement of the quote midpoint relative to the fundamental value in an attempt to manage inventory risk.
However, the derived nature of options means the dimension of risk management is broadened to the control of the sensitivity of the option portfolio value to various Greek variables rather than a single target inventory level.
To remove the unobservable fundamental value of the option, equation (1) and the first difference of equation (2) are combined to yield:
Equation (6) implies that prior to an option trade that takes place at t, the option market maker will revise the prevailing quote midpoint to reflect the information revealed by, and to counter the inventory risks resulting from, the previous trade in the same option and trades in all the other related options transacted at and after t -1, but before t. In the spirit of a trade indicator model, the change in the portfolio risk profiles is converted into three inventory risk indicator variables,
Q , and Γ −1 t Q , on the assumption that inventory holding costs do not increase linearly in the deviation of the portfolio delta, vega, and gamma, respectively. Furthermore, we substitute the constant traded spread by the observed quoted spread and the fundamental value of the stock by the quote midpoint of the stock as in Huang and Stoll (1997) 
III.
Market structure and data description ASX stock options trade in an order-driven market facilitated by a screen-based trading system (called the Derivative Trading Facility or DTF). Market makers are officially designated to ensure liquidity and each is assigned two or more underlying stocks. Normal trading in stock options takes place in two sessions from 10:00 am to 12:30 pm and from 2:00 to 4:00 pm each day. The market makers are obligated to provide quotes and may do so either continuously, upon request, or both. 11 12 Options traders place limit or market orders on the DTF through their brokers, which are then automatically matched and traded on a price and time priority basis.
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11 From 2 February 2004, the morning normal trading session is extended by half an hour to 1:00 p.m., but our sample is collected prior to this date and is not affected by this change.
12 At the continuous level, option market makers are obliged to provide bid and ask quotes on a continuous basis in twelve option series per underlying stock (three calls and three puts in each of the first two expiry months including the at-the-money option, the next-in-the-money option and the next-out-of-the-money option for each). At the quote requests level, they must provide bid and ask quotes on request for all series with expiries of nine months or less. At either level they are given a maximum elapsed time of 30 seconds to revise their bid and ask quotes or respond to a quote request and they must meet 60% of their obligations at either level of quote obligation. If they choose to provide quotes both continuously and upon requests, the obligation requirement falls to 50%.
Options data during normal trading is extracted from the time-stamped ASX CLICK database for the ten most active exchange-traded stock options based on trading volume from January 1998 to April 2003. 14 The CLICK database explicitly labels each trade as either buyer initiated, seller initiated, open, close, or cross. Opening and closing trades are excluded from the sample as they occur under an auction setting and crossed trades are also eliminated as the trade indicator is not clearly defined. 15 To avoid the expiration effect or the impact of early exercise on trading activities, we exclude trading days that fall on expiration dates and/or the stock's exdividend date, respectively. Finally, since the proposed model suggests that the quote revision process is driven by the trade flows observed in an active market, trading days with less than a total of sixty option trades are eliminated. Table 1 contracts. In terms of the number of option trades, WMC is the least active with a daily average of 99 and News Corporation (NCP) tops the list at 228.
Insert Table 1 Here 14 The monthly ASX Derivatives Market Statistics show that the top 10 options account for an average of 64% of the market's trading volume. 15 A trade is crossed when buy and sell market orders arrive simultaneously and the result of matching of these orders is inventory neutral from the option market maker's perspective.
Only option trades with acceptable quotes are used to determine the option quote midpoint change. Filter rules were adopted to establish data validity where the bid ask spread is lower than or equal to the maximum spread prescribed by the exchange; the bid price is smaller than the ask price; or the option time value is less than half of the stock price. Table 1 shows the proportion of observations that satisfy these conditions. 16 Note that all trades are used in the analysis as the trade indicator and volume statistics are available and their removal could adversely affect the option trade flows. This has a bearing on the accuracy of the information signals and inventory risk positions held by option market makers.
We sort option trades by trade indicator. For each buyer-and seller-initiated group, trading volume is counted by (i) option type, (ii) the distance from the money, and (iii) option maturity. The breakdown of trading volume is reported in Table 2 , Panels A to C, respectively.
Panel A reveals that call options attract more trading volume (57%) than put options (43%).
Seller-initiated trades account for 69% of the total trading volume, which is slightly more than twice the buyer-initiated trades (31%). In terms of trade direction, positive and negative trading volumes are almost identical with 48% from buyer-initiated calls and seller-initiated puts compared to 52% from seller-initiated calls and buyer-initiated puts. Panels B and C show that at and near the money options and the two nearest maturity options attract more trading volume than other options, with 56% of the trading volume taking place in the three around-the-money call and put options, and 62% of the trading volume taking place in the two nearest maturity options.
Insert Table 2 Here 16 Since the designated market maker must meet only 60% (50%) of their obligations if he/she chooses to provide quotes at either the continuous or quote request level (both levels) we observe some trades with missing or unacceptable quotes.
Given the higher trading volume and more importantly, the presence of at least one designated market maker to provide continuous quotes, we confine the application of the trade and risk indicator model represented by equation (7) to the study of twelve option series (three around-the-money call and put options in the nearest two expiry months).
To arrive at the expected change in option fundamental value, ( )
, required by the TRIN model, option deltas are computed based on implied volatility estimates from BlackScholes (1973) option pricing model using the last quote midpoint of the at-the-money option and the concurrent quote midpoint of the underlying stock from the previous day. The implied stock volatility, together with the signed volume of each related option recorded between two consecutive trades in the option under study, are used to determine the position delta, vega, and gamma of the option portfolio suggested by equations (3) to (5) 
IV. Results
This section presents the overall and intra-day results for the bid-ask spread decomposition for stock options. We also include a detailed analysis of the spread decomposition components based on stock option characteristics and examine the market makers' ability to manage each type of inventory risk specified in the TRIN model.
The Generalized Method of Moments (GMM) procedure is used to estimate the TRIN model represented by equation 7. Huang and Stoll (1997) emphasize the usefulness of GMM and its advantage over ordinary least squares when the error term includes rounding errors and the form of conditional heteroscedasticity is unknown. Vijh (1990) , but lower than the 8.95% reported in Kaul et al. (2001) . These results support evidence of information trading in the options market and suggest that changes in the underlying stock values do not fully explain option price movements.
A.1 General results -Bid-ask spread decomposition and parameter estimates
Insert Table 3 Here
An analysis of the betas indicate that option market makers are more concerned with inventory risk management than adverse information. On average, the inventory component accounts for 18.03% (the sum of the average beta estimates) of the option half spread, which is approximately 4 times the adverse information component. Among the three sources of inventory holding costs measured by the model, the largest is 
A.2 General results -Intra-day bid-ask spread decomposition
To examine the intra-day distribution of the option bid-ask spread components, we apply the TRIN model to four periods: 10-11:15 am, 11:15-12 
B. Adverse information and option characteristics -Option leverage
According to Black (1975) , informed traders prefer to trade high leverage options.
Further supporting this view, Easley et al. (1998) show that informed traders only use highly levered options and Lee and Cheong (2001) Insert Table 4 Here
C. Adverse information and option characteristics -Liquidity
In addition to the leverage effect, Easley et al. (1998) show that information trading is dependent on market liquidity such that when liquidity in the options market is low, informed traders use stocks to profit from their private information. We examine this issue, by applying the TRIN model to three distinct sub-samples based on liquidity as measured by the frequency of trading in the individual options. 17 For each of the 10 stock options, the sample is sorted into 3 groups, a low liquidity group from the 4 th quartile with the longest time between trades, a moderate liquidity group from the 2 nd and 3 rd quartiles, and a high liquidity group from the 1 st quartile with the least time between trades.
Insert Table 5 Here
As illustrated in 
D. Adverse information and option characteristics -Signed volume
The impact of market frictions on trading costs may also influence the choice of markets used by informed traders. For example, informed traders with positive news can buy calls, sell puts or buy the underlying asset, while those with negative news may be forced to trade only in the options market since constraints imposed in the cash market prevent short selling on downticks. Thus, the probability that an option trade is initiated by an informed trader is higher for negative than positive option volume, and a larger adverse information component is expected from quotes that follow an excess of negative over positive option volume. To test the asymmetric impact of signed volume, we apply the TRIN model to two sub-samples, a positive volume group containing quote midpoint changes that follow an excess of positive to negative option volume in the previous period and a negative volume group containing quote midpoint changes that follow an excess of negative to positive option volume in the previous period.
The results reported in Table 6 Insert Table 6 Here
E. Adverse information and option characteristics -Option type
It follows from the asymmetric signed volume results previously discussed that informed traders faced with margin requirements and unlimited downside risk associated with writing options, may prefer to trade one option type over another. To consider whether the same level of information exists between the markets for calls and puts, we estimate the TRIN model coefficients separately for a calls only sample and a puts only sample. The results reported in Table 7 document an asymmetric option type effect. For put options an average of 8.02% of the spread is due to adverse information to 1.49% for call options. All of the ten contains more private information than positive option volume and that negative option volume includes buyer-initiated puts and seller-initiated calls, the margin requirement and larger downside risk of writing an option means that informed traders with negative news may prefer using puts than calls.
Insert Table 7 Here
F. Inventory holding costs and the Greeks -Delta, vega and gamma
The results that follow explore the relative importance of the three sources of inventory holding costs (delta, vega, gamma) identified in the TRIN model. The model represented by equation (7) assumes that option market makers demand the same level of compensation for inventory risk caused by trades that raise or lower the position delta, vega and gamma of their portfolios. In practice, market imperfections may create cost asymmetries to option market makers when they attempt to correct for the directional variations in position delta, vega and gamma.
G. Inventory holding costs and the Greeks -Delta
Of the three types of inventory risk, delta risk may be the easiest to manage since the market maker has the added flexibility to trade the underlying security as well as the option.
Thus, restoring target deltas does not rely solely on the liquidity of the options market. For example, when an option trade results in a decrease in the portfolio delta the market maker may strategically raise (lower) the quote midpoints of the related calls (puts), and/or buy the underlying stock. Alternatively, when an option trade results in an increase in the portfolio delta the market maker may strategically lower (raise) the quote midpoints of the related calls (puts), and/or shortsell the underlying stock. Due to constraints imposed on shortselling stocks and the unlimited downside risk associated with shortselling, however, delta adjustments subsequent to decreases in delta are easier to facilitate and less risky since shortselling isn't necessary. Thus, we expect a smaller estimate for ∆ βˆ in quotes that follow decreases in portfolio deltas.
To test this asymmetric impact of signed delta risk, we apply the TRIN model to two sub-samples, a positive delta group containing quote midpoint changes that follow an increase in the portfolio delta and a negative delta group containing quote midpoint changes that follow a decrease in the portfolio delta. less costly to restore delta positions that fall below desired levels compared to those that rise above the target.
Insert Table 8 Here
H. Inventory holding costs and the Greeks -Vega and gamma
Similar cost related arguments will also hold when considering the option market maker's activity related to managing vega and gamma risk. For example, it may be easier and cheaper to correct for a rise than a fall in vega and gamma. When an option trade results in a rise (fall) in portfolio vega or gamma the market maker will adjust quotes to encourage buyerinitiated (seller-initiated) trades in the related calls and puts to restore the vega or gamma position. In these cases, market imperfections in the form of margin requirements make writing options more costly than buying them, in addition, there is unlimited downside risk associated with writing naked options. Thus, the inventory holding costs associated with vega and gamma risk management should be smaller in response to a rise than a fall in vega and gamma.
To test the asymmetric impact of signed vega risk, we apply the TRIN model to two subsamples, a positive and a negative vega group containing quote midpoint changes that correspond to the vega risk indicator being assigned a value of +1 and -1, respectively.
Similarly, to test the impact of signed gamma risk, we apply the TRIN model to two subsamples, a positive and a negative gamma group containing quote midpoint changes that correspond to the gamma risk indicator being assigned a value of +1 and -1, respectively. These results indicate that vega risk is not completely diversifiable and that it is cheaper and less risky to restore a rise in vega than to restore a fall in vega.
Insert Table 9 Here Table 10 presents the TRIN model coefficient estimates for the ten options for the two groups based on the signed gamma. The average Γ βˆ for the positive gamma group is smaller (11.04%) than for the negative gamma group (13.74%) which is in line with expectations.
However, in the case of gamma risk, we cannot reject the null hypothesis that there is no difference in the ten pairs of Γ βˆ's between the two groups.
Insert Table 10 Here
I. Inventory holding costs and the Greeks -Delta, vega and gamma as a function of time to maturity and exercise price
The delta, vega and gamma of an option vary as a function of time to maturity and exercise price (see Cox and Rubinstein (1985) for a detailed analysis of the relationships). The larger the delta (vega), the more sensitive is the value of the option to a change in the value (volatility) of the stock. The larger the gamma, the more sensitive is the delta of the option to a change in the value of the stock. Thus facilitating trades in the more sensitive option series exposes the market maker to greater inventory risk and this will be reflected in a larger inventory component of the spread. The analysis and results that follow address the sensitivity issue for each of the inventory risk indicators, delta, vega and gamma.
To measure the impact of delta risk across different option series, we estimate the TRIN model coefficients for three sub-samples: a low, a medium, and a high delta group comprised of out-of-the-money, at-the-money, and in-the-money calls and puts, respectively. For the vega risk effect, we apply the TRIN model to two sub-samples: a low vega group consisting of out-of-themoney and in-the-money calls and puts, and a high vega group of at-the-money calls and puts.
Finally, to explore the gamma risk effect, we first apply the TRIN model to two short maturity sub-samples both with up to 14 days to maturity: a low gamma group of out-of-the-money calls and in-the-money puts, and a high gamma group of at-the-money calls and puts. Next, we apply the TRIN model to three medium maturity groups, all of which have at least 15 days but no more than 70 days to maturity: a low gamma group of in-the-money calls and out-of-the-money puts, and medium gamma group of out-of-the-money calls and in-the-money puts, and a high gamma group of at-the-money calls and puts.
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The results presented in Tables 11 to 14 provide evidence supporting the notion that the three types of inventory risk increase with the sensitivity of the option series.
Insert Table 11 Here
Referring to Table 11 for the relationship between inventory component and the delta of an option series, the average ∆ βˆ is found to increase with the delta of the option series, from a low of 2.22% for the low delta group to a high of 8.97% for the high delta group. The KruskalWallis test indicates that the ten pairs of ∆ βˆ from the low and high delta groups are significantly different suggesting that inventory holding costs are greater for option series with higher delta.
The relationship between the inventory component and vega is presented in Table 12 .
While the average Υ βˆ estimates increase with vega from 4.22% for the low vega group to 5.37% for the high vega group, based on the Kruskal-Wallis test, the ten pairs of Υ βˆ's are not significantly different. Thus, the inventory holding cost due to vega appears to be less responsive to the magnitude of vegas.
Insert Table 12 Here
The results in Table 13 show that between the two short maturity groups of option series with different levels of gamma, the average Γ βˆ increases from 9.45% for the low gamma group to 18.34% for the high gamma group. The Kruskal-Wallis test comparing the ten pairs of Γ βˆ indicates that the inventory holding costs due to gamma for the two groups are significantly different. Finally, the results presented in Table 14 show that among the three medium maturity groups of option series with different levels of gamma, the expectation that the group with the larger gamma would display the larger average Γ βˆ holds between the low and medium gamma groups only, but not between the medium and the high, nor between the low and high gamma groups. Specifically, the average Γ βˆ for the medium gamma group is 10.13% compared to 1.85% for the low gamma group, and the ten pairs of Γ βˆ from the low and medium gamma groups are different at the 0.05 significance level. However, we do not find any statistical difference between the ten pairs of Γ βˆ from the low and high gamma groups, or the medium and high gamma groups.
Insert Tables 13 and 14 Here
V. Summary and Conclusions
We develop a trade and risk indicator model to estimate the components of option bid-ask spreads. Our empirical tests reveal that option market makers are unable to completely diversify exposure to delta, vega, and gamma risks. Our estimates of these three sources of inventory holding costs are 5.07%, 3.89%, and 9.07%, respectively. The remainder of the spread is explained largely by 77.31% order processing costs and 4.66% adverse selection costs.
Consistent with prior theory, the adverse information component is absent in options with low leverage but is higher in periods immediately following a disruption to trading. The latter finding suggests that the exchange can help lower the transaction costs in the options market by removing the temporary closure during the lunch break. The adverse information component also increases with stock option liquidity and is higher for put options than call options. Adverse selection also increases when the net option volumes move from positive to negative.
Taking into account the possibility of using both the option and the stock markets to manage inventory risk, our results also reveal that option market makers bear inventory risk that is commensurate with the level of risk exposure and post quotes accordingly. We also discover that the option market makers face asymmetric costs when restoring the target levels of delta, vega and gamma and these three types of inventory risk vary across option series. Specifically, the inventory holding cost that arises from exposure to delta risk is smaller in quotes that follow a drop than a rise in portfolio delta and the inventory holding costs that arise from exposure to vega and gamma risks are both smaller in quotes that follow a rise than a fall in portfolio vega and gamma. In summary, an option portfolio exposes the option market maker to a multitude of inventory risks, different option series do not expose the option market maker to the same amount of inventory risk and that the additional costs and constraints associated with writing options and short-selling stock result in differential costs of managing the position delta, vega, and gamma levels of option portfolios. Overall, there is merit in modeling these costs more vigorously and in a manner which is consistent with real-world option market maker risk profiling. The sample consists of the ten most active exchange-traded stock options based on trading volume from January 1998 to April 2003. The following information is provided, the code of the underlying stock of each stock option, the number of active days with at least 60 option trades, the total number of option trades and volume during the sample period, the average daily number of option trades and volume, the number and percentage of option trades with acceptable bid and ask quotes, are reported. Furtherin  AMP  10%  8%  8%  4%  3%  22%  14%  14%  7%  12%  ANZ  8%  9%  9%  4%  2%  18%  16%  18%  9%  7%  BHP  9%  8%  9%  4%  2%  20%  15%  17%  9%  9%  CBA  13%  7%  7%  4%  3%  25%  11%  12%  7%  11%  NAB  12%  6%  6%  3%  3%  27%  11%  12%  7%  12%  NCP  11%  7%  6%  3%  2%  28%  13%  11%  8%  12%  RIO  14%  4%  4%  3%  3%  34%  9%  10%  6%  13%  TLS  5%  8%  9%  3%  2%  15%  19%  19%  10%  10%  WBC  5%  11% 15%  5%  1%  10%  16%  24%  9%  5%  WMC  11%  6%  6%  3%  3%  27%  12%  13%  8%  11%  Average  10%  7%  8%  4%  2%  22%  14%  15%  8% 14%  10%  8%  19%  18%  32%  ANZ  15%  10%  7%  21%  17%  30%  BHP  15%  10%  6%  22%  18%  29%  CBA  17%  10%  7%  21%  16%  29%  NAB  17%  8%  6%  23%  16%  29%  NCP  17%  8%  4%  24%  18%  29%  RIO  15%  9%  5%  21%  18%  32%  TLS  10%  9%  9%  17%  15%  40%  WBC  17%  12%  8%  20%  17%  27%  WMC  12%  9%  9%  19%  19%  33%  Average  15%  9%  7%  21%  17%  31% Table 3  Results of the Trade and Risk Indicator Model   This table presents results of the trade and risk indicator model applied to twelve around the money call and put option series to which an option market maker is designated to provide bid and ask quotes at the continuous level. The model represented by equation (7) 
Underlying stock
The ten stock options are listed in alphabetical order and Panel A contains the estimated coefficients for the trade and risk indicator variables with their respective t-values in parentheses. Panel B reports the breakdown of the average estimated coefficients over four separate intra-day periods, two in the morning and two in the afternoon. Also included are Kruskal-Wallis Chi-square statistics for the intra-day comparisons. Chi-square values indicating significant intraday differences at the 5% (1%) level are highlighted with one (two) asterisk(s). This table presents results of the trade and risk indicator model applied to two sub-samples of data: a positive and a negative option volume group containing quote midpoint changes that correspond to a net increase in positive option trades and a net increase in negative option trades, respectively. The numbers in parentheses below the estimated coefficients of the trade and risk indicator variables are the t-values of the estimates. The Chi-square statistics of the Kruskal-Wallis test are used to determine if the estimated coefficients of each of the four indicator variables from the two signed volume groups are different. Estimated coefficients and Chi-square statistics that are different from zero at the 5% (1%) significance level are highlighted with one (two) asterisk(s).
Positive volume group (P)
Negative volume (1.72) (0.41) (-0.18 This table presents results of the trade and risk indicator model applied to three sub-samples of options with 15 to 70 days to maturity: a low gamma group comprising of in-themoney calls and out-of-the-money puts, and medium gamma group of out-of-the-money calls and in-the-money puts, and a high gamma group of at-the-money call and puts. The numbers in parentheses below the estimated coefficients of the trade and risk indicator variables are the t-values of the estimates. The Chi-square statistics of the Kruskal-Wallis test are used to determine if the estimated coefficients of each of the four indicator variables from the three gamma groups are different. Estimated coefficients and Chi-square statistics that are different from zero at the 5% (1%) significance level are highlighted with one (two) asterisk(s). (-0.62) (-0.14) (1.35) (1.15) (-0.27 ) (-0.11 
